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Nanowires are versatile nanostructures, which allow an exquisite control over bandgap energies and charge
carrier dynamics making them highly attractive as building blocks for a broad range of photonic devices.
For optimal solutions concerning device performance and cost, a crucial element is the selection of a suitable
material system which could enable a large wavelength tunability, strong light interaction and simple
integration with the mainstream silicon technologies. The emerging GaBixAs1−x alloys offer such promising
features and may lead to a new era of technologies. Here, we apply million-atom atomistic simulations to
design GaBixAs1−x/GaAs core−shell nanowires suitable for low-loss telecom-wavelength photonic devices.
The effects of internal strain, Bi Composition (x), random alloy configuration, and core-to-shell diameter
ratio (ρD) are analysed and delineated by systematically varying these attributes and studying their impact
on the absorption wavelength and charge carrier confinement. The complex interplay between x and ρD
results in two distinct pathways to accomplish 1.55 µm optical transitions: either fabricate nanowires with
ρD ≥ 0.8 and x ∼15%, or increase x to ∼30% with ρD ≤ 0.4. Upon further analysis of the electron hole
wave functions, inhomogeneous broadening and optical transition strengths, the nanowires with ρD ≤ 0.4
are unveiled to render favourable properties for the design of photonic devices. Another important outcome
of our study is to demonstrate the possibility of modulating the strain character from a compressive to a
tensile regime by simply engineering the thickness of the core region. The availability of such a straight-
forward knob for strain manipulation without requiring any external stressor component or Bi composition
engineering would be desirable for devices involving polarisation-sensitive light interactions. The presented
results document novel characteristics of the GaBixAs1−x/GaAs nanowires with the possibility of myriad
applications in nanoelectronic and nanophotonic technologies.
Semiconductor nanowires made up of III-V alloys are a
topic of great interest for fundamental research as they
form a promising system with highly tunable electronic and
optical characteristics through engineering of their geome-
try parameters and composition [1, 2]. In terms of ap-
plications, they are an excellent absorber and emitter of
light, and provide viable pathways for carrier collection
and transport. The advances in the fabrication techniques
for nanowires have opened possibilities for growth on sil-
icon substrates, which offers rich opportunities for novel
integrated nanoeletronic and nanophotonic technologies in-
cluding photodetectors, waveguides, light-emitting diodes
(LEDs), lasers, solar cells and light-sensors [3–8]. Further-
more, there have been cross-disciplinary proposals to design
nanowires for novel applications such as cell imaging and so-
lar to fuel conversion [9]. Consequently, there is an immense
research interest in designing semiconductor nanowires with
tailored characteristics suitable for the next generation tech-
nologies.
Nanowires have been shown to epitaxially grow without
forming dislocations based on a large number of III-V lattice-
mismatched materials and there has been significant progress
in terms of monolithic integration with a variety of sub-
strates such as silicon [4, 10] or graphene [11]. A highly
promising feature of the nanowire geometry is the prospect
to assemble structures in the form of core−shell, where the
core and shell regions could be engineered by their relative
size and by selecting materials with very different lattice
constants [12]. This allows tremendous flexibility to cus-
∗ musman@unimelb.edu.au
tom design nanowires with properties suitable for a wide
range of applications, making them highly versatile nanos-
tructures. The core−shell nanowires involving conventional
III-V materials such as InGaAs, AlGaAs, and InGaP have
been around for a number of years, and their electronic and
optical properties have been extensively studied in the lit-
erature [10, 13–16]. However, the fabrication of nanowires
formed by the highly mismatched alloys such as GaBixAs1−x
is currently at a primitive stage and the preliminary ex-
perimental studies have been recently reported, which in-
vestigated their structural, strain and optoelectronic prop-
erties [17–19]. Up until now, there is no theoretical study
in the literature which described the optoelectronic proper-
ties of the GaBixAs1−x/GaAs nanowires. There are a num-
ber of open questions concerning the introduction of Bi in
the GaBixAs1−x/GaAs nanowires and its impact on strain,
electronic wave functions, and inter-band optical absorption
strengths. A theoretical investigation based on the compre-
hensive and systematic set of atomistic simulations such as
presented in this work could provide a timely guidance to
the future experiments and may significantly contribute in
the advancement of this exciting and emerging field of re-
search.
The GaBixAs1−x materials, which are formed by dilute
concentrations of Bi atoms in GaAs, offer an exquisite con-
trol over the bandgap wavelengths. It has been shown that
approximately 60-90 meV reduction in the band gap energy
can be achieved per 1% increase in Bi incorporation in the
GaAs material [20–22], which makes these materials highly
attractive as building blocks for a variety of light absorption
or emission devices working in a broad range of wavelengths
encompassing telecommunication to mid and far infra-red
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2spectral range (1 to 10 µm) [23–25]. A recent study based on
spectroscopic ellipsometry has shown that the refractive in-
dex for GaBixAs1−x increases with Bi fraction and is slightly
larger than that for GaAs material [26]. The most promising
property of the GaBixAs1−x material system is related to
the large spin-orbit coupling associated with the GaBi mate-
rial which makes it possible to tune the spin-orbit splitting
energy above the band gap energy at telecom-wavelength
(1.55 µm) for the GaBixAs1−x alloys at relatively low Bi
concentrations (≈ 13%) [22, 27]. This characteristic, not
accessible in the conventional III-V materials, is unique for
the bismide alloys and is expected to drastically suppress
the non-radiative Auger recombination and the inter-valence
band absorption (IVBA) processes in the bismide-based pho-
tonic devices, which otherwise plague the efficiency of the
devices made up of the conventional semiconductor materi-
als [28–30]. Therefore, the design of the GaBixAs1−x/GaAs
core−shell nanowires is an important emerging area of re-
search with tremendous potential for the implementation of
photonic devices with low internal losses and improved tem-
perature stability [17–19].
To enable the design of optoelectronic devices based on
the semiconductor nanowires with optimised characteristics,
it is of paramount importance to thoroughly understand the
relationship between the physical attributes of a nanowire,
such as its geometry and material composition, and the re-
sulting electronic structure and optical transition strengths.
An in-depth analysis of the nanowire properties can also pro-
vide a useful guidance for the future experiments to target
optimised physical parameters during the fabrication stage.
Recognising the importance of such theoretical study, this
work has employed million-atom atomistic simulations to in-
vestigate the strain, electronic and optical properties of the
GaBixAs1−x/GaAs core-shell nanowires. The valence force
field and tight-binding methods used to compute strain and
electronic structure have been carefully parametrised in ac-
cordance with the published density functional theory (DFT)
based study of the GaBi material [20, 22]. Subsequently,
the electronic structure calculations based on our methods
demonstrated an excellent agreement with the experimen-
tal measurements performed on bulk GaBiAs alloys [22],
strained GaBiAs alloys [31], and the GaBiAs/GaAs quan-
tum well structures [32]. We also note that several pub-
lished studies based on the DFT theory [33–35] and ex-
perimental measurements [22, 31, 36–41] have also shown
a good agreement with our theoretical predictions, further
affirming the high-level accuracy of our computational tech-
niques. Consequently, the results reported in this work not
only provide a highly reliable fundamental understanding of
the GaBixAs1−x/GaAs nanowire properties, but also high-
light a set of optimal parameters for the design of low-loss
telecom-wavelength photonic devices, which can be expected
to provide a clear direction for the future experiments on the
fabrication of the bismide nanowires.
This work is based on a systematic set of simulations
in which the physical parameters of the GaBixAs1−x/GaAs
core-shell nanowires such as the relative diameters of the
core and shell regions, the Bi composition of the core region,
and the length of the nanowire are varied and their impact
on the resulting optoelectronic character is delineated. The
GaBixAs1−x material has shown to exhibit a strong alloy
disorder effect on its electronic properties [32, 42–44], which
cannot be captured by the traditional effective-mass or k · p
modelling techniques [45, 46]. Here, we have applied atom-
istic simulations to quantitatively capture the impact of the
random placements of the Bi atoms in the GaBixAs1−x al-
loy formation and provide an accurate understanding of the
resultant inhomogeneous broadening of the bandgap wave-
length. The presented results uncover an interesting inter-
play between the Bi composition of the nanowire and core-to-
shell diameter ratios. We predict that the optical absorption
at 1.55 µm can be achieved by either fabricating a thick core
region with around 15% Bi compositions, or by increasing
the Bi fraction to 30% while fabricating narrow diameters of
the core region. As the spin-orbit splitting energies are ex-
pected to be below the bandgap energies at Bi compositions
above about 13% [22], both of these nanowire compositions
would meet this condition and therefore expected to lead
to suppressed internal loss processes. Next, we analyse these
two fabrication scenarios by comparing the optical transition
strengths and propose that high Bi compositions with nar-
row core diameters are optimised nanowire designs to achieve
a stronger inter-band optical transition strength and a rela-
tively weaker inhomogeneous broadening of the ground state
optical transition at 1.55 µm wavelength. This provides a
favourable direction for the future fabrication experiments on
GaBixAs1−x/GaAs core−shell nanowires. Our results also
reveal that the strain arising due to the lattice mismatch
between the GaAs and GaBixAs1−x materials demonstrates
a large shift in its character from a compressive to tensile
regime when the core-to-shell diameter ratio is increased to-
wards 1. This is expected to open new avenues for the fabri-
cation of strain engineered nanowires, with the possible ap-
plication in devices requiring polarisation-sensitive light in-
teractions (absorption or emission) [47].
RESULTS AND DISCUSSIONS
In this work, we have simulated GaBixAs1−x/GaAs
core−shell nanowires based on atomistic simulations, where
the simulation domain for the largest structure consisted
of about 3.5 million atoms. The large-scale simulations
are crucial to attain a comprehensive understanding of the
strain, electronic and optical character of the investigated
nanowires. A brief summary of the computational methods is
provided at the end of the paper and a detailed account of the
methodologies can be found in the supplementary informa-
tion document. The GaBixAs1−x/GaAs core-shell nanowires
are constructed in Zincblende structure, which is commen-
surate with the recent fabrication reports [17]. The strain
profiles are computed by first relaxing the nanowire geome-
try in accordance with the atomistic valence force field (VFF)
method [48].
The parameters of interest associated with the confined
electronic states such as electron and hole energies and the
corresponding wave functions are computed by solving an
sp3s∗ tight-binding Hamiltonian at the Γ point of the Bril-
louin zone. In contrast to the simplified models widely used
in the literature such as valence-band anticrossing (VBA)
and k · p methods [45, 46], the presented atomic-resolution
description of the GaBixAs1−x alloy allows an understanding
and incorporation of the atomic-scale effects, including ran-
dom alloy configurations (random positioning of the Bi atoms
forming different size and type of clusters) [22] and rough-
ness at the GaAs and GaBixAs1−x interface [50], which could
3FIG. 1. Wavelength engineering. (a) Schematic diagram of the investigated GaBixAs1−x/GaAs core−shell nanowire is illustrated.
The nanowire consists of a GaAs shell with diameter DS, a GaBixAs1−x core with diameter DC, and a length of L along the [001]
direction. The ratio between the core and shell diameters is defined as ρD =
DC
DS
, and a ratio of the length to the shell diameter is
denoted by ρL =
L
DS
. We note that the shell diameter of nanowire is same as the overall diameter of the nanowire structure. (b) The
ground-state inter-band absorption wavelength (λ) is plotted as a function of ρD for DS=20 nm, L=80 nm, and x=15% . The variation
bars at each data point indicate a change in λ with respect to a ±10 nm change in DS. (c) The plots of λ as a function of Bi fraction
(x) in the core region for various values of ρD at L=80 nm and DS=20 nm. (d) The plots of λ as a function of ρL for different values of
ρD at DS=20 nm and x=15%. (e) The plots of λ as a function of ρD at DS=20 nm, L=80 nm, and x=15%, where the variation bars
exhibit a change in λ with respect to five different random alloy configurations for GaBixAs1−x in the core region.
strongly impact the inhomogeneous broadening and trans-
port properties of an alloyed nanowire and play an impor-
tant role in the performance of the nanowire based devices.
Accordingly, our results document a reliable and quantita-
tive estimate of the nanowires characteristics. One of the
key aims of this study is to provide a direct guidance to
the experimental groups working on the implementation of
nanowire based photonic devices. In this regard, we have
specifically focused on the design of nanowire parameters
which are generally controllable during the fabrication stage
such as core/shell diameters and Bi composition. Based on
a thorough investigation, we have suggested a nanowire de-
sign which leads to a strong ground state transition strength
and a weak inhomogeneous broadening at 1.55 µm ground
state transition wavelength, the two desired attributes for
the future photonic technologies.
Wavelength tuning. Figure 1 (a) illustrates the schematic
diagram of the investigated core-shell nanowire structure
with a cylindrical symmetry around the [001]-axis. The core
region is made up of the GaBixAs1−x material with a di-
ameter DC and Bi fraction x. The shell region is the GaAs
material with a diameter DS. The length of the nanowire
along the [001] direction is L. In this work, we investigate
nanowire properties as a function of the relative diameter of
the core region with respect to the shell diameter and the
length of the nanowire. Therefore, we define two parameters
of interest as ρD=
DC
DS
and ρL =
L
DS
. In the remainder of the
paper, we will primarily focus on the understanding of the
strain, electronic and optical properties of nanowires with
reference to ρD and ρL. The Bi atoms are placed in the core
region by randomly replacing As atoms in accordance with
the intended Bi concentrations (x). We consider five different
random configurations of Bi atoms at each x and all of the
presented results are computed by averaging over the five al-
loy configurations. The large size of the GaBixAs1−x core re-
gion (consisting of 50000 to 1.5 million atoms) along with the
investigated five random alloy configurations are expected to
provide an accurate description of the alloy randomness and
the associated inhomogeneous broadening in consistent with
the published literature [51].
Figure 1 (b) plots the ground state optical transition wave-
length (λ=1.24/(E1-H1) µm) as a function of the nanowire
diameter ratio ρD. Here, E1 and H1 are the energies of the
lowest and the highest confined electron and hole states, re-
spectively. The Bi fraction in the core region is fixed at 15%.
The solid curve is based on the shell diameter DS=20 nm
and the core diameter is varied as DC=ρDDS. Our results
indicate that the wavelength is red shifted when the core di-
ameter is increased, keeping the shell diameter fixed. A value
of ρD close to 0.9 results in the desired 1.55 µm optical tran-
sition wavelength. The error bars indicate a variation of ±10
nm in the shell diameter at each value of ρD. The plotted
4results exhibit that such variation in the core and shell diam-
eters at a fixed ratio ρD translates to about 0.2 µm variation
in λ.
Figure 1 (c) shows the plot of λ as a function of the Bi
fraction x in the core region of nanowire for various values of
ρD at DS=20 nm. The wavelength is red shifted when x is
increased, irrespective of ρD. However, the red shift per % Bi
is larger when the core diameter is closer to the shell diame-
ter (ρD closer to 1). Our calculations show a red shift of ∼25
meV/%Bi and ∼42 meV/%Bi at ρD=0.2 and 1.0, respec-
tively. Importantly, from these computed results, we infer
that the fabrication of nanowires with large ρD will require
significantly less Bi fraction in the core region to target 1.55
µm wavelength. For example, at ρD=0.9, about 15% Bi is
required compared to about 30% for ρD=0.2. Furthermore,
these results highlight two pathways to achieve the desired
1.55 µm wavelength for the telecommunication photonic de-
vices: either by increasing the Bi fraction at small values
of ρD or by increasing ρD with relatively small Bi fractions.
These two options can be explored to optimise other prop-
erties such as optical absorption strengths as will be done
in the later part of the paper. Here, we also note that the
ground state transition at 1.55 µm wavelength require rela-
tively large Bi fraction in heterostructure nanowires (≥15%),
compared to the bulk strained GaBixAs1−x material where
the tight-binding theory and the photo-reflectance measure-
ments indicated that only about 10% Bi fraction lead to a
similar red shift in λ [31].
In Figures 1 (b) and (c), we have kept the length of the
nanowires (L) fixed at 80 nm and only changed the diameter
ratio (ρD) and Bi fraction (x). The length of the nanowire
is also controllable during the fabrication process and hence
is a parameter of interest. Figure 1 (d) plots the inter-band
transition wavelength as a function of the ratio ρL by chang-
ing L from 60 nm to 100 nm for the three selected values
of ρD. From these results, we predict that the ground state
transition wavelength is only weakly dependent on ρL. Con-
sequently, we infer that the analysis and the understand-
ing developed in this work will be applicable for the larger
lengths of the nanowires provided that the overall ratios ρD
and ρL are consistent with the investigated range.
The GaBixAs1−x material belongs to a special class of III-
V alloys also known as highly-mismatched semiconductors.
This is due to the fact that heavy Bi is much larger than
As and is also less electronegative, therefore its addition to
the GaAs material leads to very different characteristics com-
pared to the conventional III-V alloys [23]. More specifically,
the Bi atoms largely retain their electronic character when
replacing the As atoms in the formation of the GaBixAs1−x
alloys, and as a result, the impact of Bi on the electronic
structure of the GaAs material does not follow the conven-
tional virtual crystal approximation; rather it is dictated by
an interaction of the Bi related resonant states with the
valence band edges of the GaAs material via a band anti-
crossing interaction (BAC) [22, 30]. An important conse-
quence of this character is that when the Bi atoms form pairs
or clusters, their interaction with the GaAs electronic struc-
ture vary over a considerably large range depending upon
the type and size of the Bi cluster [22]. This leads to an
associated large broadening of the inter-band optical absorp-
tion wavelengths, known as the inhomogeneous broadening
of the ground state transition. For the GaBixAs1−x quan-
tum well heterostructures, an inhomogeneous broadening of
23-33 meV has been reported in the literature [44, 52]. As
the inhomogeneous broadening of the optical transition wave-
length plays an important role in the performance of opto-
electronic devices [53], here we investigate its strength for the
nanowire structures. For this purpose, we randomly vary Bi
atom positions in the core region while keeping the overall Bi
concentration fixed at 15%. Figure 1 (e) plots the transition
wavelengths as a function of ρD, where the error bars now in-
dicate the inhomogeneous broadening of the wavelengths (σ)
based on the five different random configurations of the Bi
atoms. Interestingly, we find that the inhomogeneous broad-
ening of the wavelengths for nanowires is similar to the pre-
viously reported values for the GaBixAs1−x quantum well
structures. Our results also indicate that the broadening be-
comes stronger when the diameter of the core region is closer
to the shell diameter (ρD ≥ 0.9). This is somewhat counter
intuitive, given that the actual number of Bi atoms per unit
volume of the nanowire core region is smaller (≈0.01675 per
nm3) for the nanowire with ρD=1.0 compared to the ≈0.02
per nm3 for the ρD=0.2 nanowire, implying that relatively
lesser number of Bi pairs/clusters should exist in the core
region for the larger diameters. However, as it will be clear
in the next section, the smaller width of the shell region for
the ρD ≥ 0.9 nanowires implies that the compressive strain
is drastically relaxed in the core region and therefore the ef-
fect of the alloy randomness becomes stronger, as would be
expected for the bulk GaBixAs1−x material compared to the
compressively strained GaBixAs1−x [31].
Based on the discussion above and the data plotted in
Figure 1, it is summarised that the technologically rele-
vant 1550 nm wavelength absorption can be realised in
GaBixAs1−x/GaAs core−shell nanowires either by engineer-
ing ρD or by tuning the Bi fraction in the core region at
a fixed geometry configuration. Notably, Figure 1(c) shows
that the 1550 nm wavelength is possible by increasing the Bi
fraction, independent of both ρD and ρL. Later, it will be
further shown that this pathway provides a clear advantage
to maximise the absorption strength.
Strain analysis. In the case of the lattice-mismatched
semiconductor heterostructures, the internal strain plays an
important role in the electronic and optical character by di-
rectly impacting the electron and hole confinement energies,
the spatial distributions of the wave functions, and the polar-
isation direction of the light absorption or emission [47, 54].
Typically, when a larger lattice constant material such as
GaBixAs1−x is surrounded by a smaller lattice constant ma-
terial such as GaAs (for example in a quantum well, quan-
tum dot, or a nanowire), the larger lattice constant material
is expected to be under a compressive strain. However, the
actual strain profile in the heterostructure could be a com-
plex function of a number of parameters, such as the relative
dimensions of the two materials, the type of heterostructure
such as quantum well, dot or wire, the shape of heterostruc-
ture such as planar or axial, and the magnitude of the mis-
match between the lattice constants. In our study, the net
strain in the nanowire region will be a function of both the
ratio of core-to-shell diameters ρD and the Bi fraction x of
the core region. Therefore, it is important to investigate the
interplay between the two parameters to understand the net
strain profile and its impact on the optoelectronic character
of the nanowires.
The strain is simulated by performing the atomistic valence
force field relaxation of the nanowire structure over the large
5FIG. 2. Strain analysis. (a) The plots of the hydrostatic strain component (H = xx+yy+zz) are shown for the GaBixAs1−x/GaAs
nanowires with x=15%, ρL=4, a few selected values of ρD. The color plots show the strain profile in a 2D [010]-plane through the
center of the nanowire. The blue (red) color region indicates the presence of a compressive (tensile) strain. (b) The same as (a) but
for the biaxial strain component (B = 2zz − xx − yy). (c) The 1D plots of the hydrostatic strain component are shown through
the center of the nanowire with x=15%, ρL=4, a few selected values of ρD. The computed strain at each data point along the [100]
direction represents an average over all data points in the corresponding [100] plane and for five different random configurations of Bi
atoms. (d) The same as (c) but for the biaxial strain component.
sizes of supercells consisting of up to 3.5 million atoms. The
diagonal (xx, yy, zz) and shear (xy, yz, zx) components
of the strain tensor are computed from the relaxed atomic
positions [55]. We also calculated the hydrostatic strain
(H = xx+yy+zz) and biaxial strain (B = 2zz−xx−yy)
components, which are typically investigated to understand
the strain effects on the electronic and optical properties of
nanostructures [54].
Figure 2 (a,b) plots the hydrostatic and biaxial compo-
nents of the computed strain for a few selected nanowire
geometries represented by ρD at x=15%. The correspond-
ing in-plane (xx) and vertical ((zz)) strain components are
plotted in the Supplementary Information Figure S1. These
plots exhibit strain profiles along a two-dimensional [001]-
plane through the center of the nanowire region. Overall,
we observe a similar trend for both strain components inside
the GaBixAs1−x core region: the strain is highly compres-
sive at small values of ρD and becomes increasingly tensile
for ρD ≥ 0.8, where a negative (positive) sign of a strain
component denotes its compressive (tensile) character. We
also notice that for ρD = 0.6 and 0.8, the GaAs shell region
is significantly tensile strained. This is expected as a much
larger GaBixAs1−x core region exerts tensile pressure on the
narrow GaAs shell region and leads to the stretching of the
bonds in that region.
To provide a quantitative estimate of the strain profiles, we
also plot one-dimensional cuts as a function of the distance
along the [100] direction through the center of the nanowires,
which are shown in Figure 2 (c,d). These plots exhibit an
interesting character of the strain with respect to ρD. At ρD
= 0.2, both hydrostatic and biaxial strains are highly com-
pressive inside the core region and nearly zero in the shell
region. This character is typically expected for a heterostruc-
ture consisting of a large lattice constant material (such as
GaBixAs1−x ) surrounded by a small lattice constant mate-
rial (such as GaAs), in particular when the relative size of
the GaAs region is comparable or larger than the size of the
GaBixAs1−x region. When the diameter of the core region
is increased, keeping both Bi fraction and the shell diameter
fixed, we find that the strain inside the core region initially
becomes more compressive, and then reverses sign towards a
tensile strain at large values of ρD. A GaBixAs1−x nanowire
with ρD=1.0 is almost entirely under a tensile biaxial strain
with the hydrostatic component negligibly small. The Sup-
plementary Information Figure S2 plots the strain profiles for
the small and large core diameter nanowires with DS =10 nm
and 30 nm. The results show a consistent trend in the strain
character irrespective of the actual core/shell diameters, con-
firming that the strain reversal is primarily dependent on the
ρD parameter. The tuning of the strain from compressive to
tensile regime indicates that the GaBixAs1−x nanowires may
provide an excellent platform to manipulate internal strain
by simply engineering the core thickness.
It is well-known in the literature that the highest valence
band state is a heavy-hole (HH) type state for a nanostruc-
ture under a compressive strain, and conversely the light-hole
(LH) state is the ground hole state for a nanostructure un-
der a tensile strain [47, 56, 57]. It is also well-established
that the HH state which consists of px and py character
dominantly couples to a transverse-electric (TE) mode op-
tical strength, whereas the LH state which has contribution
from pz character also couples to the transverse-magnetic
(TM) mode optical strength. For the GaBixAs1−x/GaAs
nanowires, we have shown a reversal of strain character from
compressive to tensile regime. Therefore, our results suggest
that the engineering of ρD during the fabrication stage may
provide a convenient knob to design nanowire-based opto-
electronic devices such as semiconductor optical amplifiers
6FIG. 3. Wave function confinements. The three dimensional visualisations of the wave function charge densities are shown for
the lowest electron |Ψe|2 (shown as red color distribution) and the highest hole |Ψh|2 (shown as cyan color distribution) states. The
green cylinders are plotted to indicate the boundaries of the core and shell regions of the nanowires. The nanowires are selected with
parameters as follows: x=15%, DS=20 nm, ρL=4 and (a) ρD=0.2, (b) ρD=0.4, (c) ρD=0.8, (a) ρD=1.0. The plots for other nanowire
dimensions are provided in the Supplementary Information Figure S4.
where the polarisation-sensitive light interaction is a desired
element. However, we acknowledge that this theoretical pre-
diction is based on the previously established understand-
ing of the relationship between the strain character and the
polarisation sensitive optical transitions for the conventional
III-V alloys and nanostructures [58], and its validation for the
GaBixAs1−x/GaAs core−shell nanowires still require further
experimental advancement.
In the previous section, the results show a red shift in
the absorption wavelength as a function of both nanowire
geometry parameter ρD and the core Bi fraction x. Moreover,
the red shift in wavelength as a function of x is stronger for
larger core diameter nanowires compared to the narrow core
diameters. This dependence of wavelength can be explained
by carefully looking at the strain profiles. The strain directly
impacts the confinement energies of electron and holes, and
therefore plays an important role in the red shift of ground
state transition energies []. From Figures 2 (c) and (d), it
is clear that the overall magnitude of strain increases when
ρD is increased. This explains the red shift of wavelength
as a function of ρD as plotted in Figure 1(b). In order to
understand the dependence of wavelength on core Bi fraction,
we have plotted the strain profiles as a function of x for
ρD=0.2 and 1.0 in the Supplementary Information Figure
S3. Consistent with Figures 1 (c) and (d), the hydrostatic
and biaxial strain profiles are compressive for ρD=0.2, and
the strain is predominantly tensile biaxial strain for ρD=1.0.
However, we note that the overall magnitude of strain for
ρD=1.0 is much stronger than the magnitude for ρD=0.2.
This explains a stronger red shift in wavelength for ρD=1.0
when compared to ρD=0.2 as plotted in Figure 1(c).
Spatial confinement of wave functions. Figure 3 plots
the spatial distributions of the lowest electron ψe (red color)
and the highest hole ψh (cyan color) charge densities in the
nanowire region for a selected set of ρD, and with x=15%
and DS=20 nm. A complete set of plots are provided in
the Supplementary Information Figure S4. Notably, we find
that for the narrow core nanowires (ρD ≤0.4), the spatial
distributions of the electron wave function are quite uniform
throughput the core region when compared to the larger core
diameters (ρD ≥0.8). This can be understood in terms of an
interplay between the quantum confinement and strain ef-
fects. It is well-known in the literature that the electron
wave functions are primarily affected by the character of the
hydrostatic strain component [54]. The highly compressive
hydrostatic strain in conjunction with a strong quantum con-
finement for the narrow core nanowires lead to a uniformly
distributed electron wave function profile. For the large val-
ues of ρD, the hydrostatic strain is significantly relaxed and
its impact on the electron confinement is weak. Therefore,
the electron confinement in this case will be dominated by
the effect of nanowire confinement axis, which is perpendic-
ular to the growth direction. The small or zero thickness of
the GaAs shell for ρD ≥ 0.8 results in a weak quantum con-
finement effect along the growth direction, and therefore the
spatial distributions of the electron wave functions become
more localised in the in-plane directions.
The spatial distribution of the hole wave functions is quite
different from the electron wave functions and is governed
by three effects: quantum confinement, biaxial strain and
alloy disorder. As shown in the previous studies for the
GaBixAs1−x/GaAs quantum wells [32, 44, 51], the impact
of the alloy disorder is dominant on the hole wave function
confinements which is also evident in our study of nanowires.
Overall, we conclude that the strong alloy disorder impact
dominates the effects of the quantum confinement and strain,
and leads to highly confined hole wave functions as shown in
Figure 3.
7FIG. 4. Optical absorption strength. The plots of the nor-
malised ground-state inter-band optical absorption strengths are
shown as a function of ρD for x=15%, DS=20 nm and 30 nm.
In both nanowire structures, the optical absorption strength is
significantly stronger at small diameters of the GaBixAs1−x core
regions (ρD ≤ 0.4). The stronger confinement of both electron and
hole states at large core diameters (ρD ≥ 0.8) offers higher charge
carrier separation which could potentially be useful for solar to
electric conversion applications.
In the Supplementary Information Figure S5, we have plot-
ted the spatial distributions of the electron wave functions for
nanowires with the shell diameters of 10 nm and 30 nm at
ρD = 0.2 and 1.0. Overall, the charge distributions exhibit
a very similar character: a stronger confinement of the elec-
tron wave functions at ρD = 0.2 when compared to ρD =
1.0. However, we also note that the effect is much stronger
for the shell diameter of 30 nm. This highlight an interest-
ing property of the GaBixAs1−x nanowires that a stronger
electron hole wave function overlap can be achieved for the
narrow core nanowires with small shell diameters. On the
other hand, the fabrication of nanowires with large shell di-
ameters accompanied with large values of ρD is expected to
result in a stronger confinement of the electrons and there-
fore a larger separation of the electron and hole charge car-
riers. The enhanced separation of the charge carriers could
potentially be useful for applications requiring low carrier
recombination rates such as light harvesting in solar cells.
The larger charge separation in the GaBixAs1−x nanowires
with ρD ≥ 0.8 may lead to a higher carrier collection at the
different ends of the nanowire region and hence improve the
efficiency of the solar to electrical conversion. Given that
there is currently a significant research interest in employing
bismide materials to target 1 eV spectral range in the design
of multi-junction photovoltaic devices [32, 59, 60], this insight
could be a catalysis for the experimental efforts to explore
GaBixAs1−x nanowires in the future solar cell devices.
Inter-band absorption strength. The spatial distribu-
tions of the electron and hole wave functions directly impact
the strength of the inter-band optical transitions, which is
proportional to the electron/hole wave function overlaps. In
the previous section, we have shown that the spatial profiles
of the electron and hole wave functions are strongly depen-
dent on the geometry parameters of the nanowires, therefore
we expect a commensurate dependence for the optical tran-
sition strengths. Figure 4 plots the normalised inter-band
optical transition strengths as a function of ρD for Bi=15%,
DS=20 nm and 30 nm. For both geometry parameters of
the nanowires, we compute that the transition strengths are
significantly higher for ρD ≤ 0.4 compared to ρD ≥ 0.8.
This is directly related to the electron wave function spatial
distributions which are uniform in the core region for the
nanowires with ρD ≤ 0.4, leading to a higher overlap with
the strongly confined hole wave functions. In the discussion
above, we have also shown that for ρD ≤ 0.4, the inhomo-
geneous broadening due to the random alloy configurations
is significantly less compared to ρD ≥ 0.9, therefore we pro-
pose that the future fabrication of nanowires for telecom-
wavelength photonic devices such as lasers, photodetectors,
and sensors could target narrow core nanowires with rela-
tively high Bi fractions (around 30%). Finally, we note that
our calculations of interband optical absorption strengths ex-
hibit consistent trend for the two different shell diameters (20
nm and 30 nm). Therefore, we conclude that the tuning of
the interband absorption strength only require to engineer
ρD and does not impose restrictions on the actual core/shell
diameters and the length of the nanowire.
Optimised nanowires for 1.55µm devices. In the pre-
ceding discussions, our large-scale atomistic simulations have
shown that nanowires with narrow core diameters (ρD ≤
0.4) lead to a relatively strong inter-band optical transition
strength at telecom-wavelength (1.55 µm). To confirm this
prediction and provide directly relevant results, we simulated
an exemplary nanowire with ρD=0.2, L=80 nm and x=30%
as shown in Figure 5 (a). The ground state inter-band tran-
sition wavelength is computed at 1.55 µm with an inhomo-
geneous broadening of ≈ 30 nm, which is consistent with
the expectation based on Figure 1 for ρD=0.2. The strain
profiles for this nanowire are shown in Figure 5 (b) and (c),
which again exhibit quite similar trends as computed for x =
15%. The strain is highly compressive inside the core region
and its magnitude is small in the shell region. The 1D cuts
plotted in (c) further confirm this character of the strain. In-
terestingly, we note that the overall magnitude of the strain
is about a factor of two larger than its magnitude at x=15%.
This is expected because for the same volume of the core re-
gion, doubling the Bi fraction (from 15% to 30%) implies a
relatively commensurate increase in the lattice-mismatch be-
tween GaAs and GaBixAs1−x , which will correspondingly in-
crease the magnitude of the strain in the system. The plots of
the lowest electron and the highest hole wave function distri-
butions are shown in (d) by using red and cyan colors, respec-
tively. The electron wave function is spread inside the large
parts of the core region which leads to a strong inter-band op-
tical absorption strength. The computed inter-band optical
absorption strength is found to be consistent with the values
shown earlier for ρD=0.2 and x=15%. These results rein-
force our conclusion that the GaBixAs1−x/GaAs core−shell
nanowires designed with around 30% Bi fraction in the core
region and ρD ≤ 0.4 are expected to provide favourable prop-
erties for photonic devices working at telecom-wavelengths.
In terms of Bi incorporation in the GaAs material sys-
tem, there has been significant experimental progress over
the last decade [23, 61]. Recent studies have shown up to
20% Bi in GaAs with good quality optoelectronic character-
istics, and further studies are in-progress to increase the Bi
contents up to 30% [61]. For core−shell nanowires, the re-
cent study has reported a Bi incorporation of 10±2% [18],
which is significantly higher than the ∼2% Bi reported in
the first study [17]. The incorporation of about 30% Bi in
8FIG. 5. An exemplary nanowire with optimised geometry. (a) The designed geometry of a nanowire for optimal optical
absorption strength at telecom-wavelength is illustrated. The core−shell nanowire has a core diameter of 4 nm and a shell diameter of
20 nm with 30% Bi fraction in the central GaBixAs1−x core region. (b) The plots of the hydrostatic and biaxial strain components
are shown for the nanowire structure sketched in (a). The color plots show the strain profiles in a 2D [010]-plane through the center of
the nanowires. The blue (red) color regions indicate the presence of a compressive (tensile) strain. (c) The 1D plots of the hydrostatic
and biaxial strain components are shown through the center of the nanowire. The computed strain at each data point along the [100]
direction represents an average over all data points in the corresponding [100] plane and for five different random configurations of
Bi atoms. The nanowire core region is compressively strained, whereas the strain in the shell region is quite small. (d) The three-
dimensional visualisations of wave function charge densities are shown for the lowest electron (shown as red color distribution) and the
highest hole (shown as cyan color distribution) states. The green cylinders are plotted to indicate the boundaries of the core and shell
regions.
nanowires for the proposed optimised light absorption will
require further experimental progress in the coming years,
however, it is anticipated that the near term devices may be
based on relatively low Bi fractions (5-15%) accompanied by
larger ρD, which could be suitable for applications where a
large carrier separation is desirable.
Finally, we wish to point out that the spatial confine-
ments of the highest hole wave functions in the investigated
nanowires are in stark contrast with the quantum well struc-
tures previously studied in the literature [62]. At the large
Bi fractions (x ≥10%), the impact of the random alloy con-
figurations was found to becomes weak and the confinement
of the hole wave functions became quite uniform in the quan-
tum well nanostructures. However, this is not applicable in
the case of the studied nanowires, where the results suggest
that even at x=30%, the hole wave functions are strongly
confined in localised regions of the nanowire, indicating a
relatively stronger impact of the random alloy configurations
on the hole wave function profile.
We note that this work is focused on the GaBixAs1−x ma-
terial, however other bismide materials such as GaP1−xBix,
InxGa1−xBiyAs1−y, and GaBixNyAs1−x−y have also exhib-
ited similar promising band structure properties based on the
published bulk and quantum well studies [23, 32, 61, 63, 64].
Therefore, it would be interesting to investigate and com-
pare the optoelectronic properties of core−shell nanowires
for a range of bismide materials, which will be a topic of a
future study in conjunction with experimental efforts in this
direction.
CONCLUSIONS
In conclusion, we have presented a detailed under-
standing of the electronic and optical properties of the
GaBixAs1−x/GaAs core−shell nanowires by performing
million-atom atomistic simulations. For the technologically
relevant telecom-wavelength photonic devices, our results
predicted two pathways to design nanowires: either by in-
creasing Bi fraction with a small core/shell diameter ratio
(ρD), or by increasing ρD at around 15% Bi fraction. A com-
parative analysis of the two options revealed that a smaller
inhomogeneous broadening and a stronger light interaction
can be achieved by designing nanowires with ρD ≤ 0.4. This
highlighted a favourable direction for the future experiments
on the fabrication of the GaBixAs1−x/GaAs nanowires. Our
results also suggested that nanowires with ρD ≥ 0.8 may
lead to a higher separation between the electron and hole
9charge carriers, which could be useful for other applications
demanding low recombination rates such as photovoltaic de-
vices. The computed reversal of the strain character from a
compressive to a tensile regime unveiled an interesting prop-
erty of the investigated GaBixAs1−x/GaAs nanowires, which
could be exploited for optoelectronic devices where a polar-
isation sensitive light emission/absorption is required. The
presented results, based on the well-benchmarked theoreti-
cal models, provide a highly reliable quantitative guidance
to the ongoing experiments in an emerging area of research
and may strongly contribute in advancement of the future
nanoelectronic and nanophotonic technologies.
COMPUTATIONAL METHODS
A detailed description of the computational methods is
provided in the accompanied supplementary information
document and a summary of the methodologies is as fol-
lows. The atomic structures of the nanowire system are re-
laxed using the valence force field model (VFF) [48]. For
the VFF model, we have used the experimental bulk lat-
tice constants and elastic coefficients [22]. After the atomic
relaxation, the strain of the atoms is computed, and the
results for different strain components are shown and dis-
cussed in Figure 2. The electronic structure is computed
based on ten-band sp3s∗ tight-binding parameters including
spin-orbit coupling [22]. The diagonalization of the tight-
binding Hamiltonian at Γ point provides the electron and
hole energies and wave functions. The ground state optical
transition wavelength is computed from the lowest electron
and the highest hole energies. The atomistic charge densities
for the corresponding wave functions are visualised in real-
space over the whole nanowire region by plotting red and
cyan dots at the location of each atom, with the intensity
of the color modulated by the strength of the charge density
at that atomic sight (Figure 3 and 5 (c)). The inter-band
optical transition strengths plotted in Figure 4 are computed
by using the Fermi’s golden rule [44].
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COMPUTATIONAL METHODS
Geometry Parameters: The schematic diagram of the in-
vestigated GaBixAs1−x/GaAs nanowire is shown in the Fig-
ure 1(a) of the main text. In our study, the core−shell
nanowires consist of a GaBixAs1−x core region with diam-
eter DC, length L, and Bi fraction x. The shell region is
made up of GaAs material with diameter DS and length L.
The largest nanowire with DS=30 nm and L=80 nm con-
sists of about 3.5 million atoms and the smallest nanowire
with DS=10 nm and L=80 nm consists of about 0.37 million
atoms. The simulations over large structures with atomistic
resolution and realistic boundary conditions allow us to pro-
vide a highly reliable theoretical analysis of the nanowire
electronic and optical properties.
In our simulations, the Bi atoms are randomly placed re-
placing the As atoms in the core region of the nanowires. The
random spatial distribution of the Bi atoms is dependent on
a four-digit seed value input to a random number generator
that determines the nature of an anion atom (either Bi or As)
at a given atomic location inside the nanowire core region.
Different seed values ensure different spatial arrangements of
the Bi atoms, resulting in statistically different numbers and
types of Bi pairs and clusters in the core region. All of the
results presented in this study are based on an average over
five different random distributions of the Bi atoms.
It is critically important to simulate a large size for the
GaBixAs1−x supercell to properly model the alloy disor-
der effects [31]. In our previous study on quantum well
structures, We have probed the electron and hole ener-
gies as well as the associated inhomogeneous broadening
in the ground state transition energies when the strained
GaBixAs1−x supercell size is increased from 1000 atoms to
512000 atoms [51]. Our calculations showed that the small
size of supercells (< 4096 atoms) artificially modifies the elec-
tron/hole energies and enhance the strength of the inhomo-
geneous broadening. By increasing the supercell size from
8000 atoms to 512000 atoms, we found that the electron and
hole energies changed by less than 1 meV and 10 meV respec-
tively, whereas the values of the inhomogeneous broadening
for the hole energies were roughly 27 meV in good agreement
with the measured value of 31 meV [31]. We therefore be-
lieve that a supercell size consisting of 8000 atoms or more
is suitable to provide a reliable estimate of the properties of
the strained GaBixAs1−x alloys. In this work on nanowires,
we have performed large-scale atomistic simulations consist-
ing of up to 3.5 million atoms in the over supercell, including
the number of atoms in the GaBixAs1−x core region above
50000 in all cases.
Calculation of Strain: In order to calculate the strain
induced by the lattice-mismatch between the GaAs and
GaBixAs1−x materials, the GaBixAs1−x/GaAs nanowires
are relaxed by applying atomistic valence force field (VFF)
energy minimization scheme [22, 48, 55]. The VFF param-
eters for the GaBi and GaAs materials are published in the
literature [22]. The values of α0 and β0 for the GaAs are
taken from Lazarenkova et al. [55], whereas for GaBi are de-
termined by obtaining relaxed bond lengths in accordance
with Kent et al. [65].
After the VFF relaxation, the relaxed Ga-Bi bond-lengths
are found to follow the trends of x-ray absorption spec-
troscopy measurements [22]. The strain tensor compo-
nents (xx, yy, zz, xy, yz, xz) are computed from the re-
laxed bond-lengths of atoms [55]. The strain parameters of
interest, which are directly related to the energy shifts in
the conduction and valence band edges are hydrostatic (H)
and biaxial (B) strain components, which are defined as fol-
lows [47]:
H = xx + yy + zz (1)
B = 2zz − xx − yy (2)
Electronic and Optical Simulations: The electronic
structure of the studied nanowires is computed from the
nearest-neighbour ten-band sp3s∗ tight-binding (TB) the-
ory, which explicitly include spin-orbit coupling. The TB
parameters for the GaAs and GaBi materials were published
in our previous study [22], which accurately reproduced the
bulk band structure of these two materials computed from
DFT model [20]. In the published studies on both unstrained
and strained GaBixAs1−x alloys, the tight-binding model has
shown good agreement with a series of available experimental
data sets [22, 31, 36–41], as well as with the DFT calculations
reported in the literature [33–35].
By solving the tight-binding Hamiltonian, we obtain
ground state electron and hole energies and the correspond-
ing wave functions at the Γ point (k=0), which are labelled
as |ψe〉 and |ψh〉, respectively, and are defined as:
|ψe〉 =
∑
i,µ
Cei,µ|iµ〉 (3)
|ψh〉 =
∑
j,ν
Chj,ν |jν〉 (4)
where the label i (j) represents the atom number inside the
supercell and µ (ν) denotes the orbital basis states on an
atom for the electron (hole) states. Cei,µ and C
h
j,ν are the
coefficients of the electron and hole wave functions, respec-
tively, computed by diagonalising the TB Hamiltonian.
The overlap between the electron and hole ground states
is computed as follows:
|〈ψh|ψe〉| = |
∑
i=j
∑
µ=ν
(Chj,ν)
∗Cei,µ| (5)
The inter-band optical transition strength between the
ground electron and hole states is computed by first com-
puting the momentum matrix element as follows [47]:
Mαβ−→n =
∑
i,j
∑
µ,ν
(Cei,µ,α)
∗(Chj,ν,β)〈iµα|H|jνβ〉(−→n i −−→n j)(6)
where α and β represent spin of states, H is the sp3s∗ tight-
binding Hamiltonian, and −→n = −→n i − −→n j is the real space
displacement vector between atoms i and j, and is equal to−→x i−−→x j . The optical transition strengths is then calculated
by using the Fermi’s Golden rule and summing the absolute
values of the momentum matrix elements over the spin de-
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generate states:
Optical Absorption =
∑
α,β
|Mαβ−→x |2 (7)
The tight-binding model is implemented with in the frame-
work of atomistic tool NanoElectronic Modeling (NEMO 3-
D) simulator [66] which has, in the past, shown an unprece-
dented accuracy to match experiments for the study of nano-
materials [22, 31, 67] and devices [47, 68].
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Supplementary Fig. S1. (a) The plots of strain tensor component (xx) are shown for the GaBixAs1−x/GaAs nanowire with x=15%,
ρL=4, a few selected values of ρD. The color plots show the strain profile in a 2D plane through the center of the nanowire. The blue
(red) color regions indicate the presence of compressive (tensile) strain. (b) The same as (a) but for the strain tensor component (zz).
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Supplementary Fig. S2. (a,b) The plots of the hydrostatic and biaxial strain components are shown for the nanowire structure
with x=15%, DS=10 nm, ρL=8, a couple of selected values of ρD. The color plots show the strain profiles in a 2D [010]-plane through
the center of the nanowires. The blue (red) color regions indicate the presence of a compressive (tensile) strain. (c,d) The 1D plots
of the hydrostatic and biaxial strain components are shown through the center of the nanowire. The computed strain at each data
point along the [100] direction represents an average over all data points in the corresponding [100] plane and for five different random
configurations of Bi atoms. (e-h) The same as (a-d) but for the nanowire structures with x=15%, DS=30 nm, ρL=2.67, a couple of
selected values of ρD.
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Supplementary Fig. S3. (a,b) The 1D plots of the hydrostatic and biaxial strain components are shown as a function of the Bi
fraction (x) in the core region through the center of the nanowire with ρD=0.2. The computed strain at each data point along the [100]
direction represents an average over all data points in the corresponding [100] plane and for five different random configurations of Bi
atoms. (c,d) The same as (a,b) but for the nanowire structures with ρD=1.0.
15
===
Supplementary Fig. S4. The three dimensional visualisations of charge densities are shown for the lowest electron (shown as red color
distribution) and the highest hole (shown as cyan color distribution) states. The green cylinders are plotted to indicate the boundaries
of the core and shell regions. The nanowires are selected with parameters as follows: DS=20 nm, x=15%, ρL=4 and the values of ρD
as marked on the plots.
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Supplementary Fig. S5. The three dimensional visualisations of charge densities are shown for the lowest electron (shown as red
color distribution) and the highest hole (shown as cyan color distribution) states. The green cylinders are plotted to indicate the
boundaries of the core and shell regions. The nanowires in (a,b) are selected with parameters as follows: DS=10 nm, x=15% and ρL=4.
The nanowires in (c,d) are selected with parameters as follows: DS=30 nm, x=15% and ρL=4. The selected values of ρD are marked
on the plots.
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